1. Changes in water and ion contents of renal cortical slices from rat, rabbit and guinea-pig incubated in medium of a half normal osmolarity were followed over 60 min incubation at 25°C.
INTRODUCTION
It has been widely accepted that the regulation of mammalian cellular volume depends upon the activity of the conventional sodium pump (Tosteson, 1964; Woodbury, 1965) . By extruding sodium from the cells this pump enables extracellular sodium to balance the intracellular colloid osmotic force generated by charged cellular macromolecules which would otherwise result in cellular swelling (Leaf, 1956; Wilson, 1954) . However, the recent observations which suggest that mammalian cells may possess a cardiac-glycoside insensitive mechanism involved in the P. M. HUGHES AND A. D. C. MACKNIGHT regulation of cellular volume (kidney cortex cells, Kleinzeller & Knotkova, 1964a; Macknight, 1968; Maude, 1969; Whittembury, 1968; liver cells, Macknight, Pilgrim & Robinson, 1974 ; skeletal muscle, Kleinzeller & Knotkova, 1964b; smooth muscle, Daniel & Robinson, 1971) have raised doubts about the validity of this simple model.
It has been known for many years that mammalian cells exposed to hyposmotic media swell (Robinson, 1960) . Though this must reflect movement of water down its activity gradient from the more dilute hyposmotic medium to the cell, the regulation of cellular volume in hyposmotic media may involve a net loss from the cells of osmotically active substances. Thus many invertebrate tissues lose cellular amino acids when exposed to hyposmotic media (Schoffeniels, 1967) . Recently it has been shown that duck erythrocytes exposed tohyposmotic media lose potassium and thereby chloride (Kregenow, 1971 (Kregenow, , 1973 (Kregenow, , 1974 and that these losses are not affected by ouabain (Kregenow, 1971) . Dellasega & Grantham (1973) have suggested that the regulation of cellular volume in renal tubular cells exposed to hyposmotic medium may involve a similar loss of potassium and chloride. These authors assessed volume changes in isolated segments of rabbit renal tubules by direct microscopy. Tubular cells exposed to medium of half normal osmolarity showed a rapid swelling (complete within 30 sec) followed by a secondary recovery in cellular volume so that by about 2-4 min volume had reached a new steady-state level higher than that seen in isosmotic medium but substantially below that observed at the peak of the initial rapid swelling. Though they were unable to measure cellular ions in these experiments, effects of substituting potassium for sodium in the hyposmotic media led them to postulate that this partial restoration of volume, which was ouabain-insensitive, represented a loss of potassium and chloride from the cells similar to that seen in duck erythrocytes (Kregenow, 1971) . More recently in a preliminary report they have suggested that losses of both potassium and sodium may be involved (Grantham, Lowe & Dellasega, 1974) . Thus it has been suggested that cellular potassium plays a central role in protecting cells from undue swellinginhyposmotic medium, perhaps as a result ofchanges inmembrane permeability to potassium under these conditions (Kregenow, 1974) .
The very real difficulties in determining the cellular ion changes in isolated segments of mammalian proximal tubules have led us to investigate this problem using renal cortical slices from rats, rabbits and guineapigs, which consist predominantly of proximal tubular epithelial cells Medium of half-normal osmolarity was prepared by omitting one half of the sodium and chloride. Itthereforecontained the other ions in the concentrations given above but only 73 mM-Na+ and 67 mM-Cl-. Its osmolarity was 165 m-osmole. Similarly media of three quarter and one quarter normal osmolarity were prepared by omitting the appropriate quantities of sodium and chloride, keeping the other ions at their normal concentrations. These media had osmolarities of 225 and 115 m-osmole respectively.
[3H]polyethylene glycol, mol. wt. 4000 and [carboxy-14C]inulin were obtained from New England Nuclear Corporation. The final concentrations of radioactivity in the media were between 0.1 and 0-2 pcfml. Ouabain octahydrate (Sigma Chemical Co., U.S.A.) and iodoacetamide (Koch-Light Laboratories Ltd., U.K.) were dissolved in media immediately before use.
Procedure. Adult male rats, rabbits or guinea-pigs were stunned by a blow on the head. Kidneys were removed and placed in ice-cold isosmotic medium where they remained till slicedby Cohen's (1945) modification of the method of Deutsch (1936) . Slices 200-300 pm thick were used for all experiments. Slices were immediately transferred to oxygenated isosmotic medium at 25°C where they remained stirring vigorously until all slices were cut. They were then placed in fresh oxygenated isosmotic medium at 25°C for 15 min. These slices are referred to in text and tables as equilibrated slices. They were then incubated in fresh media under the conditions shown in the Tables.   In some experiments (Tables 3, 8 , 10) slices were exposed to the fresh medium for only a very brief time (less than 30 see). The technique adopted was to transfer the slice to this medium with forceps, which held a corner of the slice during the exposure. The slice was then blotted as rapidly as possible. The times given in the tables are the times for which the slice was actually in the fresh medium. For periods of exposure longer than 30 sec, slices floated freely in the medium.
Analyses. Tissue water content was determined by loss of weight after drying for at least 2 hr in a hot air oven at 1050 C (Little, 1964) . Ions and extracellular markers were extracted frpm the tissue overnight in 0.1 m-HN03 (Little, 1964 (McIver & Macknight, 1974) . The values obtained from these spaces differ only slightly.
The values quoted in the text and tables are the mean +± .. of mean of the number of observations shown in parentheses. The statistical significance of differences between groups has been determined using Student's t test.
RESULTS
The hyposmotic experiments of Dellasega & Grantham (1973) with isolated segments of rabbit renal tubules were normally performed at 370 C in a medium of about half the normal osmolarity. We therefore performed initial experiments to determine the most suitable medium temperature and osmolarity for experiments with slices of mammalian renal cortex. The results of these investigations are presented in Tables 1  and 2 . Table 1 shows the behaviour of rat renal cortical slices incubated at 250 C in oxygenated media of either normal osmolarity of approximately All slices were equilibrated in oxygenated medium of normal osmolarity at 250 C.
They were then randomly distributed to the oxygenated media shown, where they remained for up t6 60 min at 250C.
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RENAL CELL VOLUME IN DILUTE MEDIUM three quarters, a half or a quarter of the normal osmolarity. It can be seen that cellular volume was relatively well maintained in a medium of three quarters the normal osmolarity. There was significant cellular swelling in medium of half normal osmolarity and an increase in tissue water contents of as much as one third in tissue incubated in medium of a quarter normal (8) 3144±0-10 2 min (7) 3-21 + 0-04 5 min (8) 3 50 ± 006 30 min (8) 3-39 + 006 60 min (8) 3-64+ 006 280 m-osmole medium 60 min (8) 2i79 + 006 300 C equilibrated 2-81 ± 0 05 (
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60min (7) 3-72±0-11 280 m-osmole medium 60 min (5) Slices from the same group of animals were equilibrated in oxygenated isosmotic medium and then incubated in oxygenated hyposmotic medium at the temperatures shown for up to 60 min. As a control some slices were incubated at each temperature in oxygenated isosmotic medium for 60 min. P. M. HUGHES AND A. D. C. MACKNIGHT osmolarity. Any changes in water or in ionic contents that occurred seemed to be virtually completed within 5 min of transfer from isosmotic to hyposmotic medium; then water and ions remained in a relatively steady state for a further 55 min. The possible exception was the cellular potassium in tissue incubated in medium of a quarter normal osmolarity which seemed to decrease a little between 5 and 60 min (A29, P < 0.02). The results of these experiments showed that significant cellular swelling occurred in medium of half the normal osmolarity and it was decided, to allow comparison of our results with those obtained in isolated segments of mammalian proximal tubule, to perform subsequent experiments using media of half the normal osmolarity. Table 2 shows the effects of three different temperatures of incubation on the behaviour of slices of rat renal cortex. Slices incubated at 250 C in medium of either normal or half normal osmolarity had lower water, sodium and chloride contents and higher potassium contents than those incubated at either 30 or 370 C. Mudge (1951) reported that renal cortical slices incubated at 250 C contained more potassium than those incubated at 370 C and Burg & Orloff (1966) have stressed the difficulties of maintaining adequate oxygenation of renal cortical tissue incubated at 370 C.
Therefore, in spite of the fact that Dellasega & Grantham's experiments were performed at 370 C we decided to incubate at 250 C, a temperature at which the tissue seemed to maintain a more normal composition.
Having decided the most suitable osmolarity and temperature for the experiments we then examined the regulation of cellular volume in rat, rabbit and guinea-pig renal cortical slices incubated at 250 C in medium of normal or half normal osmolarity.
Results shown in Table 1 and 2 revealed that in rat renal cortical tissue incubated at 250 C in medium of half normal osmolarity any changes in water and electrolytes were virtually complete after 5 min. However, even in slices incubated for only 30 sec, there was no evidence of the rapid initial swelling reported in isolated rabbit renal tubular segments by Dellasega & Grantham (1973) . This was also true at 30 and 370 C (Table 2) . We therefore decided to see whether or not such a rapid swelling phase would be detectable if incubations were performed in hyposmotic medium for even shorter times. As the results in Table 3 show, a rapid initial swelling could not be observed. Instead the water content simply moved towards the new steady-state content which is reached within 5 min of exposure to the hyposmotic medium.
It was important to determine whether or not the changes in tissue composition on incubation in hyposmotic medium were reversible when tissue was re-incubated in medium of normal osmolarity. The results presented in Table 4 show that this was in fact the case. Tissues incubated 142 RENAL CELL VOLUME IN DILUTE MEDIUM for 60 min in hyposmotic medium after being equilibrated first in medium ofnormal osmolarity had swollen and lost sodium and chloride as expected. These changes were rapidly reversed within 2-5 min of re-incubation in isosmotic medium.
In all the results shown so far (Tables 1-4) it can be clearly seen that whenever rat renal cortical slices were exposed to a medium of half normal osmolarity they rapidly gained water and lost sodium and chloride. However, they maintained a normal tissue potassium content. Since the medium contains the normal low potassium concentration (5 mM) the extracellular contribution of potassium to the tissue potassium is insignificantly small, Robinson (1950) showed that the maintenance of cellular volume in hyposmotic media was dependent on continuing cellular metabolism. This was confirmed in the present work as shown in Table 6 . Thus, though cells bathed by hyposmotic medium swell, the maintenance of their new steadystate volume which they reach within 5 min requires continued cellular metabolism.
REiNAL CELL VOLUME IN DILUTE MEDIUM The cardiac glycoside ouabain is a specific inhibitor of the sodiumpotassium-stimulated, magnesium-dependent membrane ATPase (Skou, 1965) , and is known to block sodium-potassium exchange across renal cortical slices (Kleinzeller & Knotkova, 1964a; Macknight, 1968; Maude, 1969; Whittam & Willis, 1963; Willis, 1966; Whittembury, 1968) . Whether it also affects cellular volume in renal cortical tissue remains controversial, though there is much evidence to suggest that the regulation of cellular volume may involve a ouabain-insensitive mechanism, the nature of which has still to be established (Giebisch & Windhager, 1973; Macknight, 1969) . It was therefore important to examine the effects of ouabain on renal cortical slices incubated in medium of half normal osmolarity. Since rat tissues are relatively insensitive to cardiac glycosides, a concentration of 10 mm ouabain was used in these experiments. Allison (1975) has recently confirmed that at this concentration ouabain is exerting its maximal possible effect on the ionic composition of rat renal cortical slices. Table 7 summarizes the effects of 10 mmi ouabain on rat renal cortical tissue incubated in hyposmotic medium. After preliminary incubation for at least 15 min in oxygenated isosmotic medium, slices were randomly transferred either to fresh oxygenated isosmotic medium or to oxygenated isosmotic medium containing 10 mm ouabain. There they remained for 60 min. Some slices were taken for analysis, the remainder were transferred to a medium of half normal osmolarity, the slices already exposed to ouabain being incubated with 10 mmi ouabain in the dilute medium. The tissue incubated without ouabain showed the expected changes in composition described already. In contrast, tissue exposed to ouabain in isosmotic medium showed the predicted loss of cellular potassium (83 (7) 165 m-osmole medium 1 min (7) 3-48 + 0*08
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5min (8) 3*50_0-06 10 min (7) 3-54 ± 008 20 min (8) 3-33± 006 60 min (8) 3-24± 0 08 165 ± 3 169 5 150+8 All slices were first equilibrated in oxygenated isosmotic medium at 250 C. They werethentransferredto oxygenated isosmotic medium with orwithout 1OmM ouabain for 60 min at 250 C. Slices were then transferred to oxygenated hyposmotic medium at 250 C where they remained for up to 60 min. Slices which had been exposed to isosmotic medium with ouabain continued to be incubated with 10 mM ouabain in the hyposmotic medium. associated with losses of sodium and chloride. Tissue potassium did not fall appreciably over the first 20 min, though by 60 miin there may have been some small loss of potassium (20 m-mole/kg dry wt., P > 0-10). Such a slow loss of potassium would be expected since ouabain continues to block potassium uptake by the cells throughout the incubation. These results demonstrate that volume regulation in medium of half normal osmolarity, like volume regulation in isosmotic medium, is ouabain-insensitive, an observation consistent with the effects of ouabain reported by Dellasega & Grantham (1973) . Furthermore, since cellular volume stabilizes within 2-5 min, these results are consistent with the results presented above which suggest that in hyposmotic media the regulation of cellular volume is associated with loss of cellular sodium with chloride rather than with loss of cellular potassium with chloride. Equilibrated (7) 280 m-osmole media 1 see (7) 2 sec (8) 5 sec (7) 10 sec (8) 20 sec (7) 2 min (7 5 min (8) 10 Since recent work with both liver slices ) and renal cortical slices (Cooke, 1975a) has emphasized the differences which can be observed in tissue composition from one species to another in slices incubated under the same experimental conditions, it was necessary to examine the effects of hyposmotic incubation on rabbit and guinea-pig renal cortical slices. Table 8 shows the time course of the changes in the composition of rabbit renal cortical slices incubated in medium of half normal osmolarity and (7) 165 m-osmole medium 30 min (7) 3-92+ 0-11 60 min (7) 3-80 + 0-09 165 m-osmole medium + ouabain 30 mmn (8) (6) 3-40+0-12 2 sec (8) 3-39±0410
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Protocol as in experiments summarized in 149 P. M. HUGHES AND A. D. C. MACKNIGHT concentration was used in these experiments since rabbit tissue is so much more sensitive to the cardiac glycoside). All the results are fully consistent with the findings in rat renal cortical slices. Thus, compared with the composition reached after equilibration for at least 15 min in isosmotic medium, the swelling observed in slices transferred to hyposmotic medium, which is essentially complete in 2-5 min involves losses of sodium and chloride, not potassium. Again, as in rat renal cortical slices, no initial rapid transient swelling within the first 30 sec. with subsequent partial restoration of tissue water was detected. Protocol as in experiments summarized in Table 7 .
The results obtained with slices ofguinea-pig renal cortex are summarized in Tables 10 and 11 and are again fully consistent with the findings and conclusions drawn from the experiments with rat and rabbit renal cortical slices.
DISCUSSION
These experiments were designed to examine the changes in ions which accompany the changes in cellular volume in renal cortical tissue exposed to hyposmotic media in vitro. They support the claims that cellular volume continues to be regulated under such conditions though at a higher than normal level (Robinson, 1950) , and that this volume regulation is insensitive to cardiac glycosides (Dellasega & Grantham, 1973) . However, they establish that the regulation of cellular volume under these conditions does not involve a loss of cellular potassium from the cells. Instead a relatively small loss of sodium together with chloride occurs. Therefore the response of these cells to hyposmotic medium differs from that of duck erythrocytes (Kregenow, 1971) .
The suggestion that the cellular volume of renal cortical tissue might be regulated by a change in membrane permeability to potassium with resultant loss of potassium and chloride, was based partly on the observation that replacement of sodium by potassium in the hyposmotic medium inhibited the regulation of cellular volume. However, it is known that tissues incubated in isosmotic medium in which potassium replaces sodium, gain potassium and chloride and water (for example, Cooke, 1975b; Robinson & Macknight, 1976) . Therefore, the fact that swelling of renal cortical tissue occurs in hyposmotic media of higher than normal potassium concentration can provide no information about the mechanism involved in regulating cellular volume under these conditions. Even in tissues incubated for minimal times in hyposmotic medium it was not possible to demonstrate an initial rapid tissue swelling of the kind described by Dellasega & Grantham (1973) in isolated segments of rabbit renal cortical tubules studied by microscopy. These authors describe an initial rapid increase in cellular volume over the first 30 sec of exposure to hyposmotic medium followed by a secondary phase, lasting about 2-4 min during which volume returns to a new, stable, though greater level than that seen with isosmotic medium.
The explanation for our failure to detect the initial changes probably lies in the nature of the tissue slice which consists not of single isolated segment of tubule but a layer of cells perhaps up to fifteen to twenty cells in thickness. Therefore, any initial changes in cell volume will begin immediately in the outer cells of the slice but will spread only over seconds through the slice. By the time the innermost cells are undergoing their initial response, outer cells may already have recovered. What is observed is therefore an average of the behaviour of all the cells in the slice. The tissue slice does, however, have the major advantage that changes in cellular ions associated with the regulation of cellular volume in hyposmotic media can be readily detected. Even though the time course of the response may be smoothed out over the early minutes of exposure the changes measured must reflect the cellular changes. This will be especially true for potassium since the medium concentration of this ion is so low and is not altered when slices are transferred from normal to hyposmotic medium.
Our results and those of Dellasega & Grantham (1973) are therefore fully consistent with the following hypothesis. Renal cortical cells exposed to hyp~osmotic media show an initial rapid swelling followed by a partial 151 152 P. M. HUGHES AND A. IJ. C. MACKNIGHT restoration of cellular volume. The biphasic nature of this response reflects the fact that the cellular membranes are considerably more permeable to water than to ions. Therefore, initially water moves rapidly across the cellular membranes to maintain equality of water activity between the diluted interstitial fluid and the cell interior. But the decreased extracellular sodium and chloride concentrations alter the gradients for passive movements of these ions across the membrane between the cells and interstitial fluid. Cells therefore lose some sodium and chloride. (Since medium potassium is unchanged and the sodium-potassium pump uninhibited, cellular potassium content remains normal, though concentration decreases as a result of the increased cellular water.) This reduces cellular osmolality and water moves to maintain equality of water activity. Thus cells, after an initial rapid swelling (which was not detectable in the multicellular tissue slice), lose some water with sodium and chloride. Cellular volume is thus reset to a new though higher steady-state level which once again reflects a balance between the cellular colloid osmotic forces tending to cause swelling, and the metabolically dependent properties of the cell which oppose them. The nature of the metabolically dependent volume regulating mechanism remains to be established but the observation that this regulation is quite unaffected by ouabain in hyposmotic medium lends additional support to the claim that renal cortical, and other, mammalian cells possess a ouabain-insensitive volume regulatory mechanism which is distinct from the Na-K, Mg-dependent ouabain inhabitable ATPase thought to be intimately associated with transport of sodium and potassium across cellular membranes (Skou, 1965) . 
